Introduction
In the design of new architectures and new devices for nanoelectronics, the question of reproducibility is often a major concern. When single charge electronics is targeted, the challenge is even more serious, since the core of the device is a metallic nanoparticle or a quantum dot, that needs to be positioned with an accuracy better than 0.1 nm to form a reproducible tunnel barrier junction with the source electrode. 1 Single charge electronics have received a strong interest in the early 2000s [2] [3] [4] and more recently the successful operation of a variety of devices was demonstrated such as single charge transistors, [5] [6] [7] [8] organic-memory transistors, 9 metal-organic insulator-semiconductor solar cells, 10 floating-gate memories 11 . These prototype devices open the route to a built-in logical electronics where the discrete nature of the current is used to directly implement logical functions. [12] [13] [14] [15] Nevertheless, one operational device is usually obtained at the cost of discarding many others. For example, in the case of the single electron transistor described by Koh and coworkers, the yield for fabricating operational devices was about 1%. 6 State of the art lithography was used in this case, and the issue is not in the fabrication process but the hot question is to delineate the possible origins for lack of reproducibility.
In the present study, we investigate the possibility of using hybrid interfaces made of highly ordered molecular layers on semiconductor surfaces for single charge electronics. We prepared a double barrier tunnel junction (DBTJ) where one junction is formed by a Grafted Organic Monolayer (GOM) situated between a gold nanoparticle (AuNP) and a silicon substrate, and the second junction is formed by the gap between the AuNP and the tip of a scanning tunneling microscope (STM) as depicted in Figure 1a . We present a detailed study of key parameters that are relevant to obtain reproducible Coulomb blockade behaviors, such as the nanoparticle size, shape and crystallinity, as well as the quality of the GOM and the effect of aging of the silicon substrate (local oxidation).
Coulomb blockade is observed when electrons are allowed to go through an island (a metallic or semiconductor nanoparticle) one by one. The particle must be at the nanometer scale in order to observe Coulomb blockade at room temperature 16, 17 except for very special designs. 18 In a practical way, single electron phenomena are detected as a stepwise increase of the current going through the island, upon increase of the applied potential as shown in Figure 1c . In the literature and to the best of our knowledge, two studies describe single charge architectures where one of the electrodes is a semiconductor substrate: Radojkovic et al. reported in 1996 Coulomb staircase I-V curves for 3 nm gold aggregates drop-casted directly on silicon. Their results were frequency dependent and exhibits unexpected negative differential resistances. 19 Tedesco et al. acknowledged in 2010 the difficulty to observe reliable single electron transport and stress the importance of the depletion layer in the semiconductor. 20 Nevertheless using silicon substrate as an electrode is needed to move towards the compatibility with CMOS technology.
One of the challenges addressed in our study is therefore the use of a GOM as tunnel barrier layer on silicon. Ever since the discovery of atomically flat hydrogen-terminated silicon (111) surfaces in 1989 21 many chemical processes have been developed to replace the hydrogen atom by functional organic molecules, whether by using thermal activation, [22] [23] [24] [25] UV activation, 25-28 electrochemical activation 29, 30 or chlorination. 25, 31, 32 These Si(111) surfaces, functionalized with a GOM, can remain oxide-free after for several days 33 or after several chemical post treatments aimed for example at grafting either gold nanoparticles 34 or quantum dots. 35 As a comparison, hydrogen-terminated (SiH) surfaces remain stable only a few minutes in typical ambient air (i.e. with some radicals, ozone, and low level corrosive gases), leading to levels of surface oxidation that are too high for electrical devices (e.g., the efficiency of silicon solar cells 36 is severely degraded when D i >10 13 cm -2 eV -1 ). The electrical properties of the resulting surfaces have been investigated in the context of electronic application 32, 37 and surfaces with very few defects can be achieved. [38] [39] [40] [41] [42] [43] For example a density of interface states as low as D it =2.10 11 cm -2 eV -1 has been measured on n-doped Si(111) functionalized surfaces. 40 The quality of this GOM is critical for several reasons: it allows the stable attachment of a gold nanoparticle, it provides a protecting layer on top of the silicon in order to prevent the creation of electron traps due to oxidation, and it is used as an insulator with a controlled thickness between the AuNP and the Si bulk. We have shown in our previous study that Coulomb staircases were observed with this hybrid structure and with an STM in UHV (base pressure 3x10 -11 mbar) at low temperatures (30-40K). The shape of the I-V characteristic depends on the substrate doping and Coulomb blockade was observed for positive and negative bias. 42 However, the reproducibility of the single-electron transport measurements was rather poor. Coulomb blockade is highly sensitive to the actual morphology and electronic properties of the two tunnel junctions. Figure 1c shows a Scanning Tunnel Spectrum (STS) with clear Coulomb staircase features obtained on a 6.0 nm AuNP at 40K. However a nearby NP with the same morphological characteristics, probed a few minutes later, exhibit no Coulomb blockade even after several tries of data acquisitions (Figure 1d) . Many reasons for this non predictable behavior can be proposed and they are schematically depicted on Figure 1b: (1) the size of the NP measured by STM might be slightly biased since STM topography is based on mapping the Local Density of States; (2) NP might not be spherical; (3) the fact that NP are mono or polycrystalline may also affect the electron transport; (4) the colloidal NP might still be surrounded by ligands which will influence the behavior of the tunnel junctions; (5) the GOM is made of small molecular domains and at the boundaries the electrical properties may fluctuate; (6) the STM tip is not perfectly stable and therefore the second junction also fluctuates; and finally (7) the passivation against substrate oxidation carried out by the GOM is limited in time and local electrical defects progressively arise. Unfortunately, there is no easy experimental setup that allows measuring simultaneously an STS curve and probing the parameters listed above. Therefore in this study, we will draw our conclusions on a basis of a statistical approach comparing the amount of STS that exhibit Coulomb blockade to the other parameters. 23, 42 Briefly, a 500 micron-thick Si(111) sample is cut into 15x38mm rectangle from a n-doped silicon wafer (polished on both sides). The resistivity of the substrate was 0.02 Ω.cm (carrier density of 1x10 18 cm -3 ) for all experiments, except for performing FTIR characterization in transmission where low doped substrates were used with a resistivity of 1-10 Ω.cm (carrier density of 1x10 18 cm -3 ). The sample is cleaned in a piranha solution (H 2 SO 4 +H 2 O 2 3:2) for 15min at 80°C. The native oxide layer is then stripped using a diluted HF (10%) solution for 30sec. The H-terminated surface is etched in a NH 4 F (40%) solution for 2min30 at room temperature to get an atomically flat surface. 35 The oxidefree monohydride-terminated sample is then immersed in a neat solution of 10-carboxydecyl (SiC 11 , long carbon chain) or in a neat solution of 6-carboxydecyl (SiC 7 , short carbon chain). The SiC 11 grafting is done in a heated solution (200°C), which has been degassed (oxygen free) through three successive freezing-pump-thaw cycles using liquid nitrogen. The reaction lasts for 4 hours. The SiC 7 grafting is done using UV activation in a customized quartz cell where the sample is sandwiched between two quartz slides. All the manipulations are carried out in a nitrogen-purged glove box (UNIlab Glovebox Workstation MBRAUN) with a O 2 and H 2 O level lower than 0.1 ppm. It is then irradiated (with 253, 350 and 375 nm wavelengths) for 4h. UV activation is used for the SiC 7 molecules to reduce the amount of chemical needed: thermal hydrosilylation requires a higher amount of molecules and would require SiC 7 molecules to be diluted in mesitylene. The latter has a boiling point of 164.7°C, requiring a reaction temperature lower than the preferred 200°C and leading to a lower quality surface.
After the reaction, both samples are rinsed in boiling dichloromethane (40°C). Amine-terminated surfaces are obtained by deprotection for 1min30 in a potassium-tert-butoxide solution using dimethyl sulfoxide (DMSO) as solvent, and activation for 1min in N-ethyl-N'-(3-(dimethylamino)propyl)-carbodiimide (EDC) before adding ethylenediamine to the solution and keeping it at room temperature for 1h30. The resulting surfaces exhibit an amine group on top of the layer as shown in the inset of Fig. 1-a . 39, 41, 44 The samples are then characterized with X-ray photoelectron spectroscopy (XPS) and Fourier transform infrared spectroscopy (FTIR) measurements in order to assess their quality.
Gold nanoparticle preparation
Gold nanoparticles can then be chemically attached on the amine head groups. Three different synthesis methods have been used to prepare the AuNPs. All the chemicals were purchased from Sigma-Aldrich.
Turkevich method: The citrate reduction method for synthesizing gold nanoparticles in water was pioneered by Turkevich et al. in 1951 45 and modified by Frens in 1973. 46 As of today it is one of the most popular methods to synthesize spherical monodisperse gold nanoparticles. 47 An aqueous solution of HAuCl 4 (20 mL, 0.25 mM) is heated up at 100°C with vigorous stirring. Tri-sodium citrate is quickly added (1 mL, 18 mM), resulting in a change of color from yellow to purple within 4−5 min. In this reaction, citrate is first used as a reducing agent but also tends to adsorb onto the metallic gold clusters. It results in a size regulation of the obtained nanoparticle because the process is slowed down. Moreover, citrate ions are negatively charged such that the nanoparticles repel each other. 48, 49 Ascorbic acid method: The method used to synthesize nanoparticles with ascorbic acid is described elsewhere. ) and 1 mL of an ascorbic acid solution (7 g L −1 ) are added under vigorous stirring. The solution becomes instantaneously dark red.
Natan method: This synthesis is based on the work of Natan et al. 51 then modified by Dong et al.
52
It is a modified version of the previously described Turkevich method. 2ml of HAuCl 4 (aq) 1% are added to 2ml of sodium citrate (aq) 1% in 100ml of water at 0°C. 1,5ml of a 0.075% solution of NaBH 4 is then added, resulting in a spontaneous color change to dark red.
Attachment of gold nanoparticles
Both Turkevich method and Natan method deposition are performed by simply dipping the functionalized surfaces in the colloidal solutions. Turkevich AuNPs are deposited during a 30 min dipping time whereas 1 min only is needed with the Natan technique. The ascorbic acid gold nanoparticle deposition requires that the pH of the solution is lowered down to 6 (use a 0.1 M hydrochloric acid solution) before dipping. A deposition of 12 min is performed to obtain the desired surface coverage. Several rinsing with deionized water are carried out to remove the loose nanoparticles after each deposition. All samples are dried with a nitrogen stream. For each method, the attachment relies on the interaction between the −NH 2 moiety of the organic layer and the gold surface.
Characterization techniques
FTIR spectra are acquired using Nicolet 6700 FTIR spectrometer from Thermo Scientific equipped with a DTGS detector. Detection is performed in transmission at an angle of incidence of 74° with respect to the normal of the surface in a dry nitrogen-purged atmosphere. Highly doped silicon samples (resistivity lower than 1 Ω.cm) are not transparent in the mid-IR range (400-4000 cm -1 ) and therefore it was not possible to characterize the doped samples used for Coulomb blockade with FTIR. This is why the FTIR characterization was carried out on a GOM prepared on low doped silicon substrates. Hydrosilylation can be carried out identically whatever the doping provided special care is taken for keeping the amount of H 2 O and O 2 in the glove box as low as possible, and avoid competitive oxidation. 27 In transmission, both sides are probed, thus increasing the signal, since both sides receive the same treatment during wet chemical functionalization.
Transmission electron microscope (TEM) images are collected with a JEOL JEM 2010 LaB6 microscope operating at 200 kV equipped with a charge-coupled device camera. Particle size measurements are performed with "ImageJ" (Image processing and analysis in Java, Open source). The limit of size detection is about 1 nm.
Scanning Tunneling microscopy (STM) is carried out with a commercial apparatus (Omicron VT-XA) in which the sample can be cooled down to 30-40 K with a cold finger in contact with liquid helium. The base pressure of the chamber is 3.10 -11 mbar. The potential is applied to the sample relative to the tip. After acquiring an STM image, current-voltage spectra I-V are recorded with scanning tunneling spectroscopy (STS) on various AuNPs having separation from neighboring particles of at least one nanoparticle diameter. The tip is placed above a given AuNP at a distance determined by the current set point used for imaging (typical values for imaging are from 20 to 50 pA). A temperature of 40 K is obtained with a constant He flow that leads to a lateral drift of roughly 0.4 nm/min after 1h stabilization time. For each image and before I-V acquisition, this drift is precisely calculated, and a correction is applied so that the tip does not move more than 0.01 nm over a nanoparticle during data acquisition. Series of 10 sweeps are then acquired for each measurement. Several measurements are done on each AuNP. Each curve however is treated individually since the tip can move or vibrate during a sweep, which sometimes alters the I-V curve.
Results
The approach adopted in the present study is based on statistics in order to draw some general conclusions on the effects from the parameters listed in the following.
Nanoparticle size and shape
From TEM images we obtained a size distribution of each colloidal solution, as illustrated in Figure 2 . Accordingly to the literature 47 Table 1 . Smaller particles were achieved with the ascorbic acid method (8.5 nm) but with a wider standard deviation (2.4 nm). This standard deviation was narrowed down to 1.3 nm by using NaBH 4 as reducing agent and citrate as surfactant. This is the Natan method that leads to the production of NPs of intermediate size (6.6 nm). NP size was also cross-checked with AFM (see SI) and STM. With these scanning probe microscopy images, the main purpose was to assess the NP surface coverage after deposition on the functionalized substrate. Size was measured as the height of the protrusions and not as the apparent lateral size since this latter is amplified due to the convolution with the AFM or STM tip. Typical lateral sizes were 20 nm with AFM and 15 nm with STM for a 8 nm nanoparticle. The size measured with all three methods provided compatible values given the size distributions obtained by the different techniques (See Table 1 ). From Table 1 , STM seems to measure particles smaller of 1.0 to 1.5 nm. For example with solution #1, the same sample, when analyzed with AFM exhibit particles of height 9.6 ±1.9 nm and 8.1±2.1 nm with STM. There is no technical reason for a systematic size deviation with STM, even if topography is measured indirectly with STM. The variation of the typical tip-sample distance due to scanning over different material (NP to GOM) will not exceed 0.5 nm and we cannot expect size deviation larger than this value. However with STM, our aim was to detect Coulomb blockade and we intentionally searched for smaller particles therefore this deviation was due to non-random sampling. In the following, we will consider that the size measured with STM corresponds to the actual diameter of the AuNPs.
Regarding the NP shape, the most regular NP (spherical) were the Turkevich ones with just 4% of them displaying an aspect-ratio greater than 1.25. The aspect ratio of an ellipsoid is the ratio of the long axis over the short axis of the ellipse. Ascorbic AuNPs tended to produce more non-spherical NP with 26% displaying an aspect-ratio greater than 1.25. On the other hand, Natan method produced just 8% of elliptic AuNPs. Therefore, since Turkevich AuNPs are too large for observing room temperature Coulomb blockade, Natan's method seems to be the best option to have spherical and reproducible nanoparticles. 
HR-TEM

Crystallinity of nanoparticles
High Resolution TEM allows the identification of the crystalline character of the NPs. For monocrystalline particles, parallel atomic planes are visible in the high resolution images (HR-TEM images given in the SI). When the particles are polycrystalline, two or more families of planes are identified. However sometimes, the electron beam is off-axis relative to all possible crystallographic planes and the particle looks amorphous although it might be a misaligned monocrystalline one. In this case, when it was not possible to determine the crystallinity of some particles they are labeled as "undefined" (between 11% and 23% of all the analyzed particles for each method). As shown in 
Figure 2: TEM images of gold nanoparticles synthesized with Natan method (a, Natan, blue), ascorbic acid method (b, Asc, red) and Turkevich method (c, Turk, green) with the size distribution for each method. The insets indicate the proportion of monocrystalline (black, mono), polycrystalline (dark grey, poly) and undefined nanoparticles (light grey, u) for each synthesis method. The histograms show the size distribution of the three kinds of nanoparticles including the balance between mono and polycrystalline nanoparticles for each class of size.
Nanoparticle coverage
The nanoparticle coverage after deposition is evaluated with AFM as detailed in the Supplemental Info. A coverage of 3.4x10 10 NP.cm -2 was achieved for Natan NP and of 7x10 9 NP.cm -2 with ascorbic NP.
Removal of the ligands by annealing
One origin of STS measurement instabilities might be the presence of ligands around the metallic nanoparticles. Ligands are organic molecules that prevent nanoparticles from sintering when they are in the aqueous solution. However, they act as electric insulators with sometimes hardly predictable properties and this is why their removal is important once the nanoparticles are deposited. We investigate the effect of a low-temperature (100 to 250°C) and short time annealing in ultra-high vacuum on various samples as a way for removing the organic stabilizing layer.
Regarding the effect on the deposited NP, they were checked with AFM before and after a 150°C vacuum annealing process. The size distribution was found to be similar, as the one shown in Table 1 . In that case Ascorbic AuNPs were found to have an average diameter of 8.2+/-3.9 nm before annealing. The same sample was probed again with AFM after annealing and the average diameter was 9.6+/-4.4 nm (details in Supplemental Info). These results are in agreement with published results: the melting temperature of 5 nm AuNPs is known to be 800 °C which is well below the melting point of bulk gold (1064°C) but far above the temperatures we use. 54 Moreover no changes in the crystalline structure of the AuNPs were detected upon annealing at temperatures below 300°C as measured with in situ HR-TEM. 55 Finally since the nanoparticles are chemically grafted on the GOM, we can dismiss nanoparticle ripening, that would produce distinguishable aggregate that were never observed. Therefore we are confident that the mild annealing process at 150°C does not affect the nanoparticle structure and its attachment to the substrate. Moreover the three NP preparations we have selected for the present study are characterized by ligands with weak adsorption strength: the ligand is ascorbate for AuNPs prepared with ascorbic-acid and citrate for Turkevich and Natan techniques. Unlike thiol commonly used to stabilize gold nanoparticles, citrate and ascorbate are known for being replaced by other adsorbates in solution 56, 57 and are likely removed by annealing.
Regarding the effects of annealing on the GOM, the surface was first imaged using our UHV-STM at room temperature without any further treatment. Typical results showed instability of the surface and difficulty in obtaining a clean image: horizontal lines appeared in the images and they are characteristic of sudden changes in the tunneling current measurement (Figure 3a) . This was caused by molecules physisorbed on the surface such as water molecules, ligands of the AuNP or molecules remaining from the deprotection and activation steps. These molecules tend to attach to the tungsten tip and create alternative current paths that resulted in highly unstable scans. Therefore annealing was a decisive step and three temperatures were tested for a fixed 30 min annealing time. As shown in Figure 3 after a 250°C annealing, STM images showed that the surface was damaged (Figure 3c ): dark areas with almost no AuNPs were detected in many parts of sample. The alkyl chains grafted on silicon are known to be stable up to 400°C 16 . 58 However, since these damaged areas exhibit a significant decrease in the number of gold nanoparticles, the degradation must be at the top part of the molecule where the amine group was located (see sketch in Figure 1-a) . No single electron transport was observed on the few AuNPs present in these areas (only two AuNPs were encountered). Figure  3b shows a SiC 11 GOM with Turkevich AuNP after a 200°C annealing. The STM imaging was straightforward and homogenous proving that the surface was not damaged. The surface exhibits parallel lines due to the terraces of the silicon substrate. On the surface small area of ca 4 nm are also visible and are due to molecular domains formed by groups of molecules all tilted in the same direction (see Figure 1b) as discussed in our earlier study. 42 Therefore for all the other experiments, we carried out an annealing at 150-200°C for 30 min under UHV and it proved to be optimal for stable STS.
Figure 3: STM images of an activated SiC 11 surface (i.e. amine-terminated monolayer) on silicon with gold nanoparticles deposited on top (using Turkevich technique). With no annealing (a), the surface is difficult to image due to a too high amount of physisorbed contaminants. With a 200°C annealing (b) imaging is optimal but following a 250°C annealing (c) dark areas start to appear on the surface that could be due to degradation of the organic layer. Scale bar: 50nm.
Quality of Si/GOM interface
It is well known that silicon quickly and spontaneously oxidizes. 59 For example the image of a clean Si(100)-2x1 is partially blurred after 5h STM imaging in a 10 -10 mbar vacuum chamber, which corresponds to 5 sec stability in a 10 -6 mbar vacuum chamber. 60, 61 Silicon passivation is a serious challenge. The SiC 7 and SiC 11 surfaces studied in this work successfully take up this challenge and the influence of oxidation was studied as follows: some samples functionalized with SiC 7 were kept for two days in air. FTIR (see Figure 4) and XPS measurement (see Supplemental Info) reveal that oxidation is considerably slowed down as we already discussed in our previous study. 42 In Figure 4 , we show transmission FTIR data for the SiC 7 GOM referenced to the oxide-free H-terminated Si(111) surface. The negative peak at 2083 cm −1 is due to the replacement of Si−H bonds with Si−C bonds during the UV hydrosilylation process. Comparison of the area of this peak with the positive one in the oxide-free Si(111) spectra (if referenced to the oxidized clean surface, not shown here) provides an estimate for hydrogen coverage of roughly ½ of the surface. 33 Half of the Si-H bonds were replaced by the active molecule in a homogeneous manner. The band at 1713 cm -1 , corresponds to the C=O bond of the ester (see Figure 1a for molecular model), the vibrations at 1280 and 1410 cm -1 correspond to the C-O bond, and 1461cm -1 is assigned to the bending mode of the methylene groups of the alkyl chain. The carbon chain is also identified by its 2855 and 2920 cm -1 stretch modes (CH 2 ). The black spectrum corresponds to a pristine sample and the red spectrum to the same sample after two days in air. The latter shows evidence for some oxidation with absorption bands at 1080 and 1240 cm −1 (TO and LO modes of SiO 2 ), which are negligible for the pristine one. The presence of a third carbon peak at 2988cm -1 (CH 3 ) suggests that there was some adventitious hydrocarbon at the surface as well. XPS analysis (see SI) confirms that oxidation starts being detectable after two days in air and allows estimating that 25% of the silicon surface atoms are oxidized. STM images of the oxidized sample show some dark areas that differ from those observed when over-annealing the sample. They appear "more noisy", an observation associated with oxidation. The insulating effect of the oxide makes the current less stable leading to this apparent "noise", and preventing a good imaging of the morphology. The images show that the oxidation is not homogeneous on the surface: it is a localized phenomenon, starting with a patch of silicon oxide that spreads with time. 62, 63 It is possible to encounter nanoparticles on these areas, but estimation of their size is inaccurate. Once again, no single-electron transport was ever observed on AuNPs on or next to these areas, indicating that a clean oxide-free surface is necessary for devices purposes. Nevertheless, a sample with some oxidized areas can still be used under UHV for single electron transport if NPs are selected away from these altered areas, i.e. measurements should only be performed on NPs grafted to oxide-free Si patches. 
Discussion
Observation of single electron transport has been optimally achieved using a short GOM (SiC 7 ), on oxide-free Si surfaces, with AuNPs synthesized with Natan method as shown in our previous study 42 (see also STS of Figure 1-c) . However several reasons may prevent the single charge behavior of our DBTJ and we discuss the parameters that are causing this deviation from the ideal behavior. A nanoparticle will be considered "consistently active" in STS when it exhibits consistent single electron behavior: i.e. a characteristic Coulomb staircase behavior is observed for more than two third of the sweeps. In contrast, an AuNP will be considered "occasionally active" when it only displays single electron behavior on occasion, i.e. less than two third of the times. And it is "inactive" when Coulomb staircases are never observed. Several issues can account for this more erratic behavior as pictured in Figure 1 -b and discussed below.
Size and shape of AuNP. In our experiments no Coulomb blockade was ever observed with Turkevich AuNPs even at 40K. This is not a surprise given their size larger than 12 nm (see Table 1 ). In principle Coulomb steps of 50-100 mV are expected with such NP sizes, but they are probably blurred because of thermal fluctuations and Coulomb staircase cannot be distinguished from the noise.
Therefore we focus on the two other preparation methods for smaller NPs. As summarized in Table 1 the AuNPs of interest are predominantly spherical; we will therefore not discuss the effect of nonspherical shapes.
Surfactant removal. In our experiments single electron transport has only been observed with oxide-free surfaces that went through a cleaning and ligand-removal process (30 min 150ºC annealing). The fact that no positive results were obtained without annealing can also be explained by the recent work of Xu et al.in 2009 . 64 They have shown that ligands that surround a deposited nanoparticle widen the Coulomb blockade gap: increasing the concentration of surrounding molecules (hexane) shifts the first step to higher bias. For example, for a 6.3nm AuNP on a gold substrate, they shift the first step from 0.2V to 1.8V, which if applied to our asymmetrical structure (silicon substrate instead of gold) should displaced the first step to bias that we have not investigated (> 2 V). Therefore the annealing step proved to be critical. After this annealing step, positive results were obtained with the Natan and ascorbic AuNPs and with both linkers (SiC 7 and SiC 11 ) as shown in Figure 5 . For example in Figure 5 -a, two clear steps are measured with a 9 nm asc-AuNP. The other three graphs are obtained with smaller NPs of ~6 nm and exhibit three steps between 0 and 1.5 V. It is not the purpose of the present paper to discuss the dependence of the steps with NP size as it will be the subject of a specific study, including the effect of band bending in silicon. Regarding Coulomb blockade activity, the two kinds of AuNPs behave differently: on an Si-C7 surface, the activity is 64% for asc-AuNP and 82% for Natan-AuNP. Similar results are obtained with Si-C11 and are summarized in Table 2 . This dissemblance of activity cannot be assigned to the nanoparticle size given that the size distributions of asc-AuNPs and Natan-AuNPs are very similar as shown in This is why we also question the influence of crystallinity on electron transport. Figure 2 shows that 31% and 47% of AuNPs obtained with Ascorbic acid and Natan methods respectively, are single crystals. STS were acquired from a total of 64 nanoparticles. If we first focus our attention to the thinnest organic monolayer, SiC7, we measure that 64% of them were active for asc-AuNPs (12% occasionally and 52% consistently active) and that this activity rises to 82% with Natan-AuNPs (details in Table 2 ). But we cannot easily link the 31% mono-crystalline Asc-AuNPs to the 64% Coulomb activity. One reason is that with STS, we preferentially probed smaller particles (see Supplemental Info for details on the size distribution of NP probed with STS) and from Figure 2 , we see that AuNPs are more likely monocrystalline when they are smaller. Therefore, for each AuNP probed in STS, we can compute the probability that this nanoparticle is monocrystalline, given its size and its preparation method. When we combine these results we end up with 47% of the Asc-AuNP probed in STS being monocrystalline and a reproducibility rate for Coulomb blockade of 59%. With Natan-AuNP, 70% are monocrystalline and the reproducibility is 73%. These data are presented in Table 2 and provide a strong trend: the reproducibility of Coulomb behavior is all the better, the NP are more mono-crystalline. 65 They observe additional steps with monocrystalline NP compared to amorphous ones and they explain it with discrete resonant tunneling effect that is not visible with amorphous NP because of the shorter lifetime of electronic states. In our case, we cannot link one given STS to the crystalline nature of a particle. Moreover we work with larger nanoparticles with higher temperatures (40K and not 4.2K). Therefore a possible interpretation for higher reproducibility observed with monocrystalline AuNPs, is that the quality of the interface between the nanoparticle and the GOM is better when dealing with single crystals. It can be understood from Figure 1 which is drawn on scale for a 6 nm AuNP. It shows that the attachment occurs through 4 or 5 molecules. For monocrystalline NPs, there is a higher probability that one crystallographic facet of a nanoparticle ensures a good bonding with these 4 or 5 molecules. In contrast, polycrystalline particles can offer multiple parallel current paths between the gold and the silicon bulk. Single electron transport can still be obtained with polycrystalline particles if the orientation with respect to the surface is optimum (i.e. one plane only), but the likelihood is lower than for single crystals.
Size
The above results shown in Figure 5 also point to the dependence on the thickness of the GOM. A thicker (i.e. SiC 11 ) monolayer appears to yield a lower amount of occasionally and consistently active AuNPs compared with thinner (i.e. SiC 7 ) monolayer. This is explained by the lower tunneling current through thicker organic layers, making it harder to detect single electron phenomena. The measured current is lower and closer to the noise level of the electrical measurements. The current scale for STS measurements is hardly reproducible: it is highly dependent on parameters that are challenging to control such as drift, temperature, quality and shape of the tip. Typical current for an STS measurement on an AuNP (active or not) on SiC 7 has a value of 170 ± 100 pA for V = 1.5 V at a current setpoint 40 pA. On SiC 11 , this value is 70 ± 40 pA. It shows that, even though the values fluctuate a lot, the typical current for the longer chain is several times lower.
Step heights have been measured on a selection of active nanoparticles (both Natan and Ascorbic acid) which were investigated with the same current setpoint (40pA). Results give a step height of 30±15 pA for NP on SiC 7 (total: 41curves) and 10±7 pA for NP on SiC 11 (total: 26 curves). This shows that, as expected, the typical step height for an active AuNP on SiC 7 is higher than on SiC 11 even though the value can change a lot from one measurement to another. In the lower end of the step height values for AuNP on SiC 11 we have current in the order of a few pA: it becomes comparable with the noise level of our STM (2-3pA), therefore the reliability of these value can be questionable and there may be lower scale steps that we couldn't accurately measure. Because of its higher current flux, SiC 7 is a better choice for single electron transport detection. However, one must consider that SiC 11 GOM is a more stable surface (lifetime: 2 weeks in air) than SiC 7 GOM (lifetime: 2 days in air).
Finally, this analysis allows computing the average residence time of the electron in the AuNP for both organic layers. Electrons are flowing through the metallic island one by one (first step of the Coulomb staircase), at a given frequency. In the case of SiC 7, a step height of 30 pA yields an average residence time of an electron of = Δ = 1.6×10 −19 30×10 −12 = 5 nsec. In the case of SiC 11 Δ = 11 pA and this residence time is = 14 nsec. If the goal were to fabricate single electron memories, the retention time is far too small. But this provides a starting point for designing thicker insulating layers and engineer single electron memories with reasonable storing times. In the present time, this organic layer appear well suited for designing a single electron transistor, where the current flow will be of the order of magnitude of 10 to 100 pA.
Conclusion
In this study we have shown that Grafted Organic Monolayers could serve as very efficient tunnel barrier on silicon Si(111) and form a Double Tunnel Barrier Junction with an STM tip. Reproducible Coulomb staircases are observed with two types of colloidal gold nanoparticles deposited on this organic layer: Asc-AuNP (8.5±2.4 nm) and Natan-AuNP (6.6±1.3 nm) provided they are cleaned from their organic surfactant with a mild UHV annealing at 150°C. Natan-AuNP provides a higher reproducibililty rate of 70% (59% for asc-AuNP) that we link to their higher single crystalline nature. An amount of silicon oxidation as low as ¼ of monolayer of oxygen is catastrophic for Coulomb behavior but the two types of GOM we describe are able to preserve the necessary quality of the surface for 2 or 3 days at room atmosphere. After optimization of our architecture with respect to the described parameters, we observe single electron transport in 82% of the AuNP grafted on the SiC7 GOM. It proves that tailored highly ordered organic monolayers can be used for electrical functionalities with good reproducibility and it opens the way to special hybrid devices where silicon substrate and organic monolayers are used together.
Supplemental information
AFM images of AuNP deposited on our GOM, HR-TEM images of the three kinds of AuNP showing their crystalline structure, X-Ray Photoelecton spectra of the Si 2p peak and a histogram analysis of the sizes of AuNP probed with STM are provided in the Supplemental Information section, available via the Internet at http://iopscience.iop.org/0957-4484
